Introduction
[2] Owing to its unique tectonic setting as a continental transform plate boundary, the Dead Sea Fault (DSF) has been intensively studied. Wilson [1965] , who introduced the concept of transform faults, suggested that the DSF serves as a transform plate boundary between Nubia and Arabia. McKenzie et al. [1970] and Freund [1970] noted that the orientation of the DSF does not follow the expected direction of a transform fault between Nubia and Arabia (small circle about their pole). They postulated the existence of the Sinai sub-plate, which partitions divergent ArabiaNubia motion along the Red Sea into transcurrent motion along the DSF and divergence across the Gulf of Suez (Figure 1, insert) .
[3] The relative motion across the DSF has been estimated both by regional plate motion models and local slip rate (displacement divided by time) considerations. So far, global plate motion models have ignored the Sinai sub-plate due to the lack of standard geological constraints (marine magnetic anomalies, transform fault orientation, slip vectors) along the sub-plate boundary. The regional plate motion studies use the fault orientation, additional local observations, and constraints from the motion of neighboring plates to estimate 5 -10 mm/yr of relative motion across the DSF [Le Pichon and Francheteau, 1978; Garfunkel, 1981; Joffe and Garfunkel, 1987; Chu and Gordon, 1998 ]. Local geologic and seismic studies, which estimate the slip rate across the DSF, yield a wider range of relative motion estimates, from 1 to 10 mm/yr [e.g., Quennell, 1959; Freund et al., 1970; McKenzie et al., 1970; Le Pichon and Fancheteau, 1978; Ben-Avraham et al., 1979; Ben-Menahem and Aboodi, 1981; Garfunkel, 1981; Joffe and Garfunkel, 1987; Salamon, 1993; Shapira and Hofstetter, 1993; Enzel et al., 1994; Ginat et al., 1998; Klinger et al., 2000a Klinger et al., , 2000b . Generally, seismic estimates show a rate of only 1 -4 mm/yr, geomorphologic estimates are in the range of 3 -7 mm/yr, whereas long-term geological estimates are in the range of 6-10 mm/yr.
[4] Space geodetic technologies, in particular GPS, provided the first direct estimates of current plate motion in the eastern Mediterranean. Early studies, which used episodic measurements, were able to detect the relative plate motion between Sinai, Nubia, and Eurasia [Smith et al., 1994; Bechor and Wdowinski, 1998; McClusky et al., 2000; McClusky et al., 2003] . Owing to the low rates of crustal movements in the region, episodic measurements were not accurate enough to detect interseismic deformation across the DSF [Adler et al., 2001; Ostrovsky, 2001; Even-Tzur, 2001] . Coseismic deformation induced by the M = 7.2 1995 Nuweiba earthquake was detected by episodic GPS measurements [Kimata et al., 1997; Bechor, 1998 ], as well as by InSAR [Baer et al., 1999 . On the basis of threedimensional elastic earthquake modeling of the InSAR observed deformation, Shamir et al. [2003] estimated that the geodetic moment release accounted for 90% of the seismic moment release.
[5] In this study we use continuous GPS (CGPS) observations measured on both sides of the DSF to calculate the spatial distribution of crustal deformation and the current tectonic plate motion in the eastern Mediterranean. Observations were collected from 1996 to 2002 by 11 CGPS stations of the GIL (GPS in Israel) network [Wdowinski et al., 2001] and two additional stations, Amman, Jordan, and Damascus, Syria (Figure 2 ). The geographic distribution of the CGPS stations defines our study area to the southern two thirds of the DSF, from Mount Hermon in the north to the Gulf of Elat in the south (Figure 2 ). Thus our usage of DSF throughout this study refers to the southern two thirds of the DSF only. This study expands upon initial results published by Pe'eri et al. [2002] , who used 3 years of data from the first three CGPS stations in Israel to estimate the current slip rate across the DSF, at 2.6 ± 1 mm/yr. Our current analysis is based on a larger network, longer time span, and improved modeling. It also enables us to calculate the poles and rates of the relative plate motion between Sinai and Arabia, Eurasia, and Nubia.
Tectonic Setting
[6] The DSF is a transform plate boundary separating the Arabian plate from the Sinai sub-plate. It transforms the Arabia-Nubia divergent motion in the Red Sea into the convergence motion between Eurasia and Arabia, currently expressed by extrusion of Anatolia (Figure 1 , insert). However, not all the African-Arabian divergent motion is transferred northward to the convergence zones. Some of the divergent motion in the Red Sea propagates into the Gulf of Suez, which forms the southwestern boundary between Nubia and Sinai. North of the Gulf, the Nubia-Sinai boundary is diffuse and hard to locate. Additional divergent motion is taken up by secondary faults branching off the main trace of the DSF north of the Dead Sea (Figure 1 ). The activity along the DSF has been continuous since the Miocene to the present [Quennell, 1959; Garfunkel, 1981 Garfunkel, , 1988 Garfunkel et al., 1981; Heimann, 1990; Belitzki, 1997; Marco et al., 1997; Ellenblum et al., 1998 ]. The total displacement across the southern section of the DSF (south of 32°N) was estimated as 105 km [Quennell, 1958; Freund et al., 1968] , whereas across the northern section the estimated displacement is significantly less [Dubertret, 1962; Garfunkel, 1981] .
[7] The DSF is subjected to a moderate level of seismicity ( Figure 1) . The highest recorded seismic activity was in the Gulf of Elat (Aqaba), the location of the 1995 Nuweiba earthquake [Shamir, 1996; Pinar and Turkelli, 1997; Baer et al., 1999; Klinger et al., 1999; Hofstetter, 2003; Hofstetter et al., 2003; Shamir et al., 2003] . Another area of concentrated activity is the area of the Dead Sea, where the M = 6.5, 1927 Jericho earthquake occurred [Avni et al., 2002] . Seismic activity along the Arava Valley, which is located between the Gulf of Elat (Aqaba) and the Dead Sea, is very limited. North of the Dead Sea, seismic activity is distributed over a wide area, reflecting diffuse deformation in northern Israel and Lebanon. On the basis of the earthquake distribution in the region, Salamon et al. [1996] suggested that the Carmel Fault represents the northern extent of the Sinai sub-plate.
GIL Network
[8] The GIL network consists of 11 CGPS stations ( Figure 2 , Table 1 ). The network provides a reference frame for precise GPS measurements in Israel, and serves basic and applied geophysical research. The GIL network also provides CGPS data to the International GPS Service (IGS) for calculating precise orbits and Earth orientation parameters (EOP). RAMO is the official IGS station in Israel. It is located in the central Negev, about 50 km from the DSF, and therefore considered to be tectonically stable.
[9] The network includes four stations with geodetic monuments installed on roofs of buildings between 1996 and 1998 by the Survey of Israel (SOI), mainly for geodetic purposes. The other seven stations have very stable monuments [Knafo and Wdowinski, 2000] that were constructed since 1998, with an emphasis on geophysical research, by a joint team of scientists from Tel Aviv University (TAU), Scripps Institution of Oceanography (SIO), the Survey of Israel (SOI), and the Geological Survey of Israel (GSI). The actual locations were determined according to bedrock exposure, undisturbed view of the sky for clear signal reception, and logistical factors including power and telephone connections and protection from vandalism. Each station is equipped with a geodetic GPS receiver (Trimble SSE or Ashtech Z-12), geodetic antenna (L1/L2 antenna for Trimble receivers and Dorne-Margolin antenna with choke rings for Ashtech receivers), AC power, emergency backup power, a dedicated telephone line, and a modem (Table 1) . The antenna is mounted on the monument, whereas the rest of the equipment is stored in a specially designed metal box. Data collection is at 24-hour intervals (0000-2400 UT) using a 30-s receiver-sampling rate. The data collection and processing center at TAU downloaded the data described in this paper once a day, using automated procedures. The data download and archiving tasks have been recently transferred to the Survey of Israel. Historical and current data are available at the SOPAC archive (anonymous ftp://garner.ucsd.edu). Knafo and Wdowinski [2000] and Wdowinski et al. [2001] provide more detailed descriptions of the GIL network.
[10] In addition to the GIL network, CGPS observations were also collected in Amman, Jordan (AMMN in Figure 2 ), by the Royal Jordanian Geographic Centre (RJGC) and in Damascus, Syria (UDMC in Figure 2 ). The two stations are the only regional stations located significantly east of the DSF. The AMMN station, which is the official Jordanian IGS station, was built by the RJGC with assistance from SIO. It operated continuously from mid-1999 to mid-2002 with a 30-s receiver sampling rate with data pushed daily to the SOPAC archive. Unfortunately, our analysis of the data indicated that the site exhibited significant unexplained motions during this period
GPS Data Processing and Results
[11] The GPS observations were processed in a three-step procedure using the GAMIT/GLOBK software packages, WDOWINSKI ET AL.: GPS MEASUREMENTS ALONG THE DEAD SEA FAULT version 10.06 [King and Bock, 2000; Herring, 2000] . In the first step, we used the GAMIT software with loose constraints to analyze daily CGPS data of the global IGS network, consisting of 80 -120 stations, in order to calculate precise orbits and EOP. In the second stage, we also used GAMIT and the calculated orbits and EOP to process with tight constraints daily CGPS data of the GIL stations and the 10-12 nearest IGS stations (Figure 3 ), solving for daily three-dimensional station positions. In the third stage, we used the GLOBK software to analyze all global and regional solutions day-by-day to align all calculated station positions into the ITRF2000 reference frame [Altamimi et al., 2002] .
[12] The final product of the GAMIT/GLOBK analyses is a three-component time series of daily station positions with respect to ITRF2000. By applying a spatial filtering analysis , we improve signal-to-noise ratio of the time series, thereby improving the accuracy of our modeled parameters (e.g., rates and seasonal terms). The filtered series are shifted from the original ITRF2000 reference frame (RF) and, hence, are no longer represented in the global RF . Because the regional offset from the RF is very small, we term the new RF as ITRF2000*.
[13] Figure 4 presents the filtered GIL/AMMN time series, with respect to the average three-dimensional (N, E, U) ITRF2000* location of each station. The longest time series are KATZ and TELA, which began operation in 1996. Some stations are missing subsets of the data due to technical and/or logistical problems. At three stations (GILB, KABR, and RAMO), we changed antennas during 2001 (vertical lines in Figure 4 ) due to a recall by the manufacturer. Unfortunately, the replaced antenna of with the secular as the dominant one. Similarly, the vertical series also represent a superposition of the two patterns, but with a dominant seasonal pattern. In order to quantify the secular and seasonal changes, we apply a multiparameter best fit inversion procedure developed by Nikolaidis [2002] . The procedure assumes that the observed motion of each site in each component behaves as a superposition of three processes: a long-term secular change, a cyclic (sinusoidal) annual change, and a cyclic (also sinusoidal) semi-annual change. In addition, the procedure also calculates and corrects offsets caused by equipment replacement.
[15] We demonstrate the fit of this multiparameter model with the GILB East component time series ( Figure 5 ). Although the series is dominated by the secular term, Figure 5b also indicates a significant seasonal term. The residual time series (Figure 5c ) provides a good estimate of the noise level (RMS), and a basis for conducting a spatial filtering analysis . We apply the multiparameter best fit inversion analyses to the time series (Figure 4 ) in order to estimate the secular and seasonal terms with lower uncertainties. The results of the best fit analyses are presented in Tables 2, 3 , and 4; the reported uncertainties Nikolaidis, 2002] . assume white and flicker noise distribution Nikolaidis, 2002] .
Current Crustal Movements in the Southern Levant
[16] Our analysis yields quantitative estimates of both secular and seasonal position changes with time (Tables 2,  3 , and 4). The secular variations represent steady motion attributed to tectonic (plate motion and crustal deformation) and other long-term processes. The seasonal variations are due to annual and semi-annual atmospheric, oceanic, and hydrological loading [Dong et al., 2002] . We first characterize and evaluate the horizontal secular variations (station velocities) with respect to the tectonic framework of the region. The other observed signals (vertical velocities and seasonal variations) are categorized as non-tectonic movements.
Current Tectonic Movements: Horizontal Velocities
[17] Table 2 presents the horizontal velocity field of the southern Levant in the ITRF2000* reference frame. It indicates a northeastern movement of all the sites at a rate of 25-30 mm/yr with an uncertainty level of the order 1 -2 mm/yr (at 95% confidence level). Because the ITRF2000* is an arbitrary reference frame with no tectonic significance, we need to transfer the observed velocity field into a local tectonically significant reference frame.
[18] We define a Sinai Reference Frame (SRF), which is determined by the velocity vectors of six sites: KABR, BSHM, TELA, JSLM, LHAV, and RAMO (Figure 2 ). All six sites lie significantly far (more than 30 km, roughly twice the seismogenic depth) from the tectonically active DSF and have long time series. Although KABR lies north of the Carmel Fault (Figure 2 ), which according to Salamon et al. [1996] represents the northern extent of the Sinai subplate, we included KABR in the RF definition because (1) it adds stability and strength for the RF calculations and (2) its horizontal velocity is almost identical to that of BSHM, which is located south of the Carmel Fault. Future studies with denser network across the Carmel Fault will hopefully be able to resolve sub-mm/yr changes across the faults and determine a more accurate Sinai RF.
[19] We use the six velocity vectors to calculate a pole of rotation that minimizes the non-rigid motion between the six sites. Our calculated pole of rotation lies at (53.0°N, 1.7°E) and has an elongated northwest uncertainty direction reflecting the directivity of the velocity field. Because the pole of rotation represents the relative motion of the Sinai block with respect to the arbitrary ITRF2000* reference frame, it has no tectonic significance. We rotate all the velocity vectors about the SRF-ITRF2000* pole to obtain the SRF velocity field (Table 5 and Figure 6 ).
[20] Figure 6 and Table 5 show that the current relative crustal movements in the southern Levant with respect to the SRF are very slow, 1 -4 mm/yr; seven of the nine stations located west of the DSF show no statistically significant motion with respect to the SRF. Two stations located west and adjacent to the DSF (ELAT and GILB) show a small significant northward motion of 0.8-1.0 mm/yr. The four stations located east of the DSF show significant motion with respect to SRF. The three northern stations (KATZ, ELRO, and UDMC) show a northward motion at a rate of 1.7-2.8 mm/yr. This northward motion is consistent with the geologically observed left-lateral movements across the DSF. However, the observed 3.7 mm/yr southward motion The vertical component cannot be resolved accurately enough due to the shortness of the time series and is not used in this study. The vertical component cannot be resolved accurately enough due to the shortness of the time series and is not used in this study.
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Strain Accumulation Across the DSF
[21] In order to evaluate the tectonic significance of the observed velocities, we analyze them with respect to the main tectonic element in the region, the DSF. In this section we ignore the observed motion of AMMN, which indicates a southward motion with respect to Sinai, in contrast to that expected from geological observations. We discuss the AMMN result in the discussion section below.
[22] We evaluate the tectonic significance of the observed velocities using elastic and visco-elastic locked-fault models to demonstrate that our results are valid for more than a single model. Both models calculate the interseismic deformation along active faults, which takes place between major earthquakes. Because the observed east velocities are mostly negligible with respect to their measurement uncertainties, we can ignore their contribution to the models and consider only the north velocities, which represent the fault-parallel component of the north-south oriented DSF. The two northernmost sites, ELRO and UDMC, show a significant eastward motion; we discuss the significance of this motion below. As indicated above, the observed southward motion of AMMN result is inconsistent with left-lateral motion implied by the model (Figure 7 ) and, hence, cannot be used to constrain the model. UDMC is located significantly far away from the DSF and, hence, its motion with respect to SRF is more representative of the full slip rate along the DSF. The other two eastern stations (ELRO and KATZ) are located very close to the fault (Table 5) , within the elastically deforming plate boundary region. Thus their motion reflects only a portion of the full slip rate, roughly two thirds of the total slip rate across the DSF; a detailed analysis of our estimate is given below.
[23] We first present the elastic dislocation model of Savage and Burford [1973] for an infinitely long fault. We use this model because it is simple and depends only on three parameters. The model assumes a half space that consists of an upper elastic seismogenic layer of a uniform thickness (D) overlying two blocks sliding horizontally past each other at constant velocity (V 0 ). The infinitely long fault assumption implies that the velocity of the faultnormal component reduces to zero, whereas the velocity of the fault-parallel component at the surface depends only on the horizontal distance from the fault (x). The mathematical description of the surface fault-parallel velocity is
where V 1 is an additional nonphysical parameter, representing an arbitrary offset between the velocity profile and the chosen reference frame. Both velocity parameters (V 0 and V 1 ) are estimated using best fit calculations. The best fit approach for estimating the full plate motion is more robust than the normalized formulation taken by Pe'eri et al.
[ 2002] , who had only three data points to constrain their model.
[24] We use linear best fit calculations, which allow us to solve for the full plate motion (V 0 ), but not for the locking depth (D). We apply the model for a range of physically reasonable depths (6-18 km) for strike-slip faults, and based on the nucleation depth of large and moderate earthquakes along the DSF. Below the locking depth, the two elastic blocks are assumed to slide horizontally past each other at constant velocity. Table 6 summarizes our calculations showing our best-estimated slip rate across the DSF and the goodness of fit (c 2 ) for all stations and subsets of the stations. The vertical component cannot be resolved accurately enough due to the shortness of the time series and is not used in this study. [25] When using AMMN to constrain the model, we obtain a slow left-lateral motion along the DSF, but with a high c 2 value. Excluding AMMN from the calculations increases significantly the fit level and generates geologically reasonable results. Our best estimate for the slip rate when using both northern and southern stations is 3.3 ± 0.4 mm/yr (Figure 7) . Figure 6 shows that the two northernmost sites, ELRO and UDMC, have significant eastward motion, suggesting that their motion is influenced by change in orientation of the DSF (north of 33.2°) and the compression along Mount Hermon (Figure 1 ). If we exclude ELRO and UDMC from the model, we obtain a slightly higher slip rate Figure 6 . Velocity map of CGPS stations with respect to SRF. Ellipses represent 95% uncertainties estimates, assuming a white noise plus flicker noise model for the position time series. Underlined sites are the reference sites used for defining the Sinai RF.
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[26] We also apply the model to two subsets of the northern (BSHM, ELRO, GILB, KABR, KATZ, and UDMC) and southern stations (DRAG, ELAT, JSLM, LHAV, RAMO, and TELA). Applying the model to the northern stations, where we obtain data both east and west of the fault, indicates a slip rate of 2.9 ± 0.6 mm/yr with all sites and 4.2 ± 1.1 mm/yr without ELRO and UDMC. Because the southern stations are located only west of the DSF, the best fit calculations are less constrained, but still indicate a similar slip rate (2.9 ± 1.1 mm/yr) as in the northern stations.
[27] We repeat our calculation using the visco-elastic model of Savage and Lisowski [1995] and obtain almost Table 5 ) result from SRF definition, which minimizes the velocity difference between the six reference sites (Figure 6 ). identical results. Because the visco-elastic model depends on more parameters (mantle viscosity, recurrence interval, occurrence of last earthquake), we did not use best fit calculations but instead used simple forward models with the same locking depths and full plate motion as used for the elastic model. The good fit between the two models suggests that mantle-induced deformation is negligible, and that any viscous deformation has relaxed since the last large magnitude earthquake (M > 6) in the northern segment in 1837 [Marco et al., 1997] .
[28] In summary, our GPS observations combined with a plate boundary deformation model indicate that the current slip rate across the DSF is 3.3 ± 0.4 mm/yr, but might be slightly higher (3.7 ± 0.4 mm/yr) if ELRO and UDMC are omitted from the calculations, because they are influenced by the compression across Mount Hermon. Dividing the DSF into northern and southern segments suggests that the slip rate across each segment is lower, 2.9 ± 1.1 mm/yr. If we again omit ELRO and UDMC from the calculations, we obtain a higher slip rate across the northern segment (4.2 ± 1.1 mm/yr).
Nontectonic Movements: Vertical Velocities and Seasonal Variations
[29] The observed vertical velocities are in the range of À2.6 to 2.8 mm/yr and show no regional pattern (Table 2, Figure 2 ). Out of the 13 GIL/AMMN/UDMC stations, only four stations show statistically significant (above 2-s) vertical motion (AMMN, DRAG, KABR, KATZ). Two of the stations are subsiding (AMMN and KABR) and two are uplifting (DRAG and KATZ), all in the range of 2 -2.8 mm/yr. The geographic location of these four stations (Figure 2 ) with respect to one another and with respect to the rest of the GIL/AMMN/UDMC stations does not indicate any spatial pattern. Thus we attribute the observed vertical velocities to local processes, such as land sliding, long-term hydrological loading, or monument instability (see discussion).
[30] The observed seasonal variations are most apparent in the vertical component, but can also be seen in the horizontal components. Using Nikolaidis' [2002] multiparameter best fit inversion procedure, we estimate annual and semi-annual amplitudes and phases for all time series (Tables 3 and 4) . We use the convention of Nikolaidis [2002] such that the phase term represents the radian value (out of 2p periodicity) of the highest amplitude. For example, the annual vertical phase of AMMN is 3.216, which represents maximum uplift in the summer (phase $ p) and maximum subsidence in the winter. The semi-annual vertical phase of KABR is 3.682, corresponding to maximum uplift in the spring and fall (phase $ p) and maximum subsidence in the summer and winter.
[31] Table 3 indicates that the vertical annual component is significant at all stations; however, the horizontal amplitude terms are significant (at 2-s level) at only half of the stations. The table shows that the annual vertical phase of all stations is similar, occurring over a 35-day period in the summer (days 180-215 corresponding to July -August). In other words, all stations are moving upward from JanuaryFebruary to July -August and downward during the other half of the year. Our vertical phase results (summer uplift) agree well with Dong et al. [2002] , who conducted a global analysis of CGPS seasonal variations; they show that summer uplift occurs throughout Europe and the Mediterranean regions, but with variable amplitudes. Table 4 shows that the semi-annual component has no outstanding pattern, reflecting local semi-annual movements in all three components.
Relative Plate Motion in the Eastern Mediterranean
[32] The Euler pole tying the SRF with the global velocity field also enables us to calculate the relative motion between Sinai and its neighboring plates, as long as their motion are defined in the same reference frame. Although we previously used the ITRF2000* solutions and pole, in this part of our study we prefer using the unfiltered-determined velocity field, which is truly determined in the ITRF2000 reference frame. The difference between the filtered pole (ITRF2000*) and the unfiltered pole (ITRF2000) is small, but important to maintain, due to the high sensitivity of Eulor pole calculations. We also calculated the poles of the neighboring plates, Eurasia (Eu) and Nubia (Nu), but not of Arabia (Ar) due to lack of observations from the Arabian plate (Table 7) . In order to overcome this difficulty, we use the ITRF2000 Arabia pole calculated by G. Sella, who updated the REVEL-ITRF97 [Sella et al., 2002] solutions to the currently used ITRF2000 reference frame. We also use the REVEL-ITRF00 poles of Eurasia and Nubia for comparing and complementing our pole calculations.
[33] Obtaining the relative motion between the plates (Table 8 ) from the list of ITRF2000 poles (Table 7) is straightforward. However, the significance of our results relies on the accuracy of each pole's determination. Unfortunately, the Arabian pole is poorly determined. The REVEL solution for Arabia relies on three velocity vectors. The most reliable one is the velocity of BAHR (Bahrain); the [34] Table 8 shows some differences between the various estimates of the Si-Nu poles, which are all located in a close geographical area. The two poles calculated by this study and the combined solution using the McClusky's Eu-Nu pole are located near the geologically determined Si-Af pole calculated by Joffe and Garfunkel [1987] . Whereas the combined solution using the REVEL-ITRF00 Eu-Nu pole is located farther away. All GPS-based estimates of Si-Nu rotation rate are about twice as high as the geological rate of Joffe and Garfunkel [1987] . Table 8 also shows some differences between the various estimates of the Si-Ar poles. The poles determined by this study and the combined solution with REVEL-ITRF00 reveal similar locations and rates, because both calculations use the same Ar pole (REVEL-ITRF00). The pole calculated from the combined solution with McClusky's Eu-Ar pole and geologically determined Si-Ar pole of Joffe and Garfunkel [1987] are located adjacent to one another. However, the rotation rates of the two solutions are significantly different; the GPS estimated rate is about two thirds of the geological rate.
[35] In order to evaluate the geological significance of the GPS-determined poles, we calculate the predicted motion of each pole along the relevant plate boundary (Table 9 ). First, we calculate the predicted Si-Ar motion near the Dead Sea (31.5°N, 35.5°E) using both GPS-and geologically-determined poles. Our results show that the GPS-determined relative plate motion between Sinai and Arabia (2.3, 2.6, and 4.3 mm/yr) either underestimate or overestimate our slip-rate estimate along the DSF (3.3 ± 0.4 mm/yr). Both this study and the REVEL-ITRF00 calculations predict a slower rate across the DSF (2.3 and 2.6 mm/yr) directed northwestward, diagonally to the DSF. The predicted northwest motion of Arabia with respect to Sinai indicates a small compressional component (0.8 -1.2 mm/yr) across the DSF. Such northwest compression is consistent with the orientation of the Syrian Arc Stress Field [Letouzey and Tremolieres, 1980; Eyal and Reches, 1983] , which has caused compressional deformation in the region since late Senonian (85 Ma) until present [Eyal, 1996] . The calculations based on McClusky et al. 's [2003] pole predict a higher plate motion rate (4.3 mm/yr) directed northward, parallel to the DSF, similar to direction of motion predicted by the Joffe and Garfunkel [1987] pole. The geologically determined motion of Joffe and Garfunkel [1987] (6 mm/yr) overestimates the GPS-based relative plate motion estimates, as well as our slip-rate estimates.
[36] We repeat our methodology for evaluating the Si-Nu poles by calculating the motion in the Gulf of Suez (29.0°N, 33.0°E). All solutions indicate extension across the Suez rift, although the direction of motion varies significantly between the various solutions (up to 90°difference). The results show that the predicted rate of motion according to Plate abbreviations: Ar, Arabia; Eu, Eurasia; Nu, Nubia; Si, Sinai. REVEL-ITRF00 is the ITRF2000 update of the REVEL-ITRF97 GPS-determined Euler poles [Sella et al., 2002] . b Two-dimensional 1-sigma lengths in degrees of the semi-major s max and semi-minor s min of the pole error ellipse. c The azimuth (degrees) is the clockwise angle between north and the semi-major ellipse axis. this study's pole is 3 times higher (2.4 mm/yr) than the geological rate (0.8 mm/yr). However, the rate calculated using the REVEL-ITRF00 and McClusky et al. [2003] Eu-Nu poles (1.0 -1.1 mm/yr) is similar to the geological rate (0.8 mm/yr).
[37] In summary, the GPS-based calculation of the current plate motion in the eastern Mediterranean provides good estimates for plate motion across both the DSF and the Gulf of Suez. Improved estimates of the relative plate motion in the region will become available as the number of reliable GPS sites in the region increases.
Discussion
[38] Our analysis of up to 7 years of CGPS data reveals that the current relative crustal movements in the southern Levant with respect to the SRF are very slow, 1-4 mm/yr. The stations located west of the DSF show no significant motion with respect to the SRF, indicating that the entire Sinai block moves as a rigid plate. The four stations located east of the DSF show a significant slow motion with respect to the Sinai block. The three northern stations, which are located in the Golan Heights and Damascus, move northward at a rate of 1.7 -2.8 mm/yr. This northward motion is in accordance with the expected left-lateral motion across the DSF. Using locked-fault models, accounting for interseismic strain accumulation along the DSF, and all station velocities except AMMN, we conclude that the current left-lateral slip rate across the DSF is 3.3 ± 0.4 mm/yr. If we further exclude ELRO and UDMC, we derive a rate of 3.7 ± 0.4 mm/yr. Although the slip rate across the northern segment might be slightly higher (4.2 ± 1.1 mm/yr). The observed very small east-west velocity component indicates negligible fault normal movements and deformation. The two sites showing significant eastward motion are ELRO and UDMC, which may reflect compression along the Mount Hermon range.
[39] The previous geodetic estimate of relative plate motion across the DSF was conducted by Pe'eri et al. [2002] , who used the 3-year-long CGPS data set of the first three sites of the GIL network (ELAT, KATZ, and TELA). They used a similar locked-fault model to estimate the current slip rate at 2.6 ± 1.1 mm/yr, which is slightly lower than our new results based on significantly more data and a more rigorous analysis of the entire network. However, Pe'eri et al. [2002] observed 1.7 -3.5 mm/yr east-west motion, which is not observed in our new analysis. This significant difference in the east-west motion observed by the two studies arises from the different methodology used by the two studies. Pe'eri et al. [2002] used a baseline approach due to their limited number of stations. Although the baseline approach is widely used in local and regional studies, it can propagate reference frame errors. Baseline position changes reflect both deformation and rotation of one site with respect to the other; the rotation component can be eliminated when using baseline lengths rather than baseline vectors. Unaware of the hidden rotation problem, Pe'eri et al. [2002] attributed the observed east-west position changes between the three sites to deformation. However, today, we understand that their observed east-west position changes reflect differential rotation rates of the Sinai Block with respect to the ITRF97 reference frame of their analysis and not due to deformation between the sites. The differential rotation problem had a negligible contribution to the north-south component, because the SRF-ITRF pole of rotation lies predominantly northwest of the studied area. In this study we avoided the differential rotation problem by analyzing station positions and rotating the entire velocity field into the SRF.
[40] The relative motion across the DSF has been estimated by a variety of methods. Geological observations, based on processes occurring in the past 25 million years, indicate an average velocity of 6 -10 mm/yr [Quennell, 1959; Freund, 1970; McKenzie et al., 1970; LePichon and Fancheteau, 1978; Ben-Avraham et al., 1979; Garfunkel, 1981; Joffe and Garfunkel, 1987; Niemi et al., 2001] . Geomorphologic observations, based on translocated drainage systems, yield an average velocity of 3 -7.5 mm/yr [Enzel et al., 1994; Ginat et al., 1998; Klinger et al., 2000a] . Paleoseismic and historical observations, based on processes occurring in the past thousands to tens of thousands of years, indicate an average velocity of 1.5-3.5 mm/yr [Ben-Menahem and Aboodi, 1981; Shapira and Hofstetter, 1993; Klinger et al., 2000b] . Seismic observations, based on processes occurring in the past 100 years, indicate an average velocity of 2 -4 mm/yr [Klinger et al., 1999; Salamon et al., 2003] . The previous geodetic rate, as determined from 3 years of CGPS data, indicates a relative plate motion of 1.5-3.7 mm/yr [Pe'eri et al., 2002] .
[41] Overall, the slip rate across the DSF has been estimated to be in the range of 1 -10 mm/yr, depending on the timescale of the observations. Our new estimate of the current slip rate across the DSF, 2.8-3.8 mm/yr and possibly 3.2-4.2 mm/yr (excluding ELRO and UDMC) is higher than the estimate of Pe'eri et al. [2002] and is better constrained. Our estimate also overlaps with the 1 -4 mm/yr short-term seismic and historic estimates and with the longer-term geomorphologic evidence (3 -7 mm/yr). However, it is slower than the geological rates (6 -10 mm/yr). Nevertheless, recent geological data from the northern part of the DSF suggest that the geologically derived rate was overestimated by a few tens of percent (Z. Garfunkel, personal communication, 2000) . However, published new estimates based on new archeological data suggest still a higher rate [Meghraoui et al., 2003] .
[42] The observed southward motion of AMMN disagrees with the expected left-lateral movements across the DSF. The observed steady movement (see continuous time series in Figure 6 ) represents either a real geophysical movement or an artifact due to monument instability. InSAR analysis of and Garfunkel [1987] Amman area shows no detectable movements near the AMMN site during the time span of the GPS observations (1998 -2002) . However, the very low sensitivity of the InSAR technique to north-south horizontal movements (can detect movements >10 cm) cannot reject or confirm the GPS-observed 4 mm/yr southward movement. Possible movements are land sliding or post-seismic deformation. The AMMN site is located within the RJGC compound on a hilltop composed of stratified limestone. Possibly, the entire hill gravitationally glides along a clay-rich layer. Another possible geophysical explanation, although not very likely, is post-seismic relaxation. AMMN is located about 60 km northeastward of the M = 6.5, 1927 Jericho Earthquake (Figures 1 and 2 ) and might be subjected to very long-term post-seismic relaxation process. Because two closer sites, DRAG and JSLM, do not show such unusual velocity, we basically rule out the post-seismic mechanism. As mentioned above, the 4 mm/yr southward motion is also accompanied by 2 mm/yr subsidence, and may reflect monument instability. At this stage of the research, we cannot determine the cause for the unexpected AMMN southward motion. Our dependency on one site in Jordan emphasizes the need for further station installations east of the DSF.
Conclusions
[43] Seven years of continuous GPS monitoring in the southern Levant provides us with a very accurate description of current crustal movements in the region. The main conclusions of this study are:
[44] 1. The relative station movements in the southern Levant are very small (less than 4 mm/yr).
[45] 2. Most stations (seven out of nine) located west of the DSF show no statistically significant motion with respect to the SRF, suggesting a rigid behavior of the Sinai plate. The observations show no significant movements across the Carmel Fault, which is the second most important fault system in the southern Levant.
[46] 3. The two stations located in the Golan Heights (KATZ and ELRO) and Damascus (UDMC) show 1.7-2.8 mm/yr northward motion with respect to Sinai, indicating a left-lateral motion along the DSF.
[47] 4. Using fault-locked models, we estimate the current slip rate across the DSF at 3.3 ± 0.4 mm/yr. If we exclude ELRO and UDMC, which are located adjacent to the compressional jog of the Mount Hermon range, our estimate increases to 3.7 ± 0.4 mm/yr.
[48] 5. The observed secular vertical movements do not indicate any spatial pattern. We attribute the observed vertical velocities to local processes, such as land sliding, long-term hydrological loading, or monument instability.
[49] 6. Annual seasonal positioning variations are most noticeable in the vertical component. All stations are moving upward from January -February to July -August and downward during the other half of the year.
[50] 7. We calculate the ITRF2000 Sinai pole and use published poles for Arabia, Eurasia, and Nubia to calculate the relative plate motion in the eastern Mediterranean. The GPS-based calculations of the current plate motion provide a good estimate for the Si-Ar motion along the DSF and for the Si-Nu motion across the Gulf of Suez.
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